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1. Introduction 


Fuel accumulation in the wall, critical for long term operation of a fusion machine,       is even more prominent for surfaces with grooves and voids, due to increase of surface area and co-deposition in the gaps. The inter-tile spaces have dimensions in the 3-6 mm range, but the slit widths in the castellated tiles are much smaller. As example, Be tiles from JET have castellated blocks of 6 x 6 mm with a groove deepness of 6 mm and 0.6 mm slit width. In case of ITER castellation in cells of 10 x 10 x 10 mm with slits of 0.5 mm was proposed for the vertical target of the divertor. Various cleaning techniques already approached, like laser, flash lamp, oxidation and glow discharge have the drawback of limited access in narrow spaces.                 A study regarding the adequacy of sub-atmospheric radiofrequency discharges for discharge cleaning of inter-tile spaces and gaps in castellated tiles is proposed in the project. The approach is based on the capability of low-pressure radiofrequency discharges to spread and burn in narrow spaces. 


The project aims at elaboration of a laboratory scale Inside-Gap Plasma Generator (IGPG) device, compatible with scanning operations, and the assessment of its cleaning capabilities. For the reported period the goal is the establishments of the appropriate conditions for sustaining radiofrequency discharges inside gaps with shape and dimension similar             to inter-tiles and castellated tiles narrow spaces;


By assuming that the cleaning process is supported by the presence of plasma in the proximity of the co-deposited wall, the problem, which has to be solved, is the plasma sustaining inside the small gaps. The transition region between the volumetric plasma and walls      (plasma sheath), is the place of phenomena assuring the discharge maintenance through electron emission processes stimulated by plasma particles surface bombardment. A critical condition for plasma existence is that the given volume offers enough room for sheath development.          The important length scales that control the plasma system behaviour are the plasma sheath thickness  (Lsh), and the size (width) of gap (D). In the usual case D>> Lsh, the gap width is much larger than sheath thickness and the plasma border is conformal in respect to the gap surface topography. Contrary, for D<<Lsh the border cannot follow the surface topography and plasma does not develop inside the gap. 


The problem of plasma development inside the gap is then translated in finding solutions to handle the sheath thickness for becoming smaller than the gap width. Roughly,    the order of magnitude of the sheath thickness is given by the Debye length: this one scales with plasma parameters as d~(Te/ne)1/2 . In the project it is intended to use the injected RF power and pressure as handling parameters because, in given ranges of those parameters, the increase       of power increases the electron density (via increase of the ionization rate) and the increase      of pressure decreases the electronic temperature (via thermalization of electrons by collisions with the cold gas).

2. Experimental

2.1 Preliminary experiments

In order to check out the validity of the above assumptions a few preliminary experiments were performed. In a vacuum chamber a discharge was generated between a planar RF electrode (upper part in the image in Figure 1 at right) and a machined metallic block (image from left in Figure 1 and at bottom in the image from the right) provided with an array of holes of 4 mm diameter. The image from the right in Figure 1 proves that even the block is grounded the discharge feels and penetrates inside the holes, if the power and pressure have adequate values. 
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2.2 Dedicated experiments and results

The experimental set-up


A dedicated set-up was built-up consisting of a vacuum chamber, with glass front-end window, and provided with pumping, gas feeding and pressure monitoring systems. 

 SHAPE  \* MERGEFORMAT 


 

The main part of the set-up is the discharge chamber, provided with two electrodes facing each other at a distance of 60 mm. One of the electrodes, the powered RF electrode is shaped like a disk and is covered in upper part with a Teflon cover. The role of the cover is to prevent the discharge to burn behind the powered RF electrode. The other electrode is a grooved piece with narrow grooves of variable width.  Detailed views of the discharge chamber with the two electrodes are shown in Figure 3.


This set-up has the advantage that discharge experiments can be performed,                  in which the pressure and the RF power can be modified in a controlled manner.
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The experimental protocol
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A CCD camera at constant power continuously recorded the image of the discharge during continuous pressure increase, focusing on the grooved electrode. The values of power and pressure values for which plasma exists inside gaps with different width size were noticed.     For example, in the image in Figure 4, plasma does penetrate in the grooves from left,       having 0.6 and 0.7 mm width but it penetrates    in grooves of larger width.
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3. Results
3.1 The operation domains

The experiments showed that, depending on pressure, for a given range of power values,         the following cases are encountered:

1) at very low pressure the discharge cannot be operated at all, because the supplied voltage      is not high enough to cause the gas breakdown; 

2) at low pressure, the discharge spreads out in the whole volume, but do not penetrate in gaps;

3) at convenient intermediate pressure values the discharge is shaped like a column, and plasma enters in some of the gaps;

4) at high-pressure the discharge concentrate near the upper electrode, or passes in the filamentary regime, without penetrating controllably inside the gaps;

5) at even higher pressure the discharge extinguishes. 
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From the examination of the power and pressure values for which the discharge penetrates in the gaps of various widths size the operation domains in the pressure- power coordinates were obtained. The domains are defined by the areas enclosed inside by the polygonal figures connecting the points corresponding to appearance and disappearance of plasma in the gaps.  To exemplify, for plasma existence in a gap of 0.9 mm, the pressure should be higher than ~20torr, lower than ~80 mbar and the power higher than 80 W. Because of  SHAPE  \* MERGEFORMAT 


heating problems the limitation of domains for the high power values could not be defined from the present experiments. The graphs in Figure 5 show, that going towards narrow spaces the domains are less extended. Such as, the discharge in gaps of 0.6-0.8 mm was obtained for a pressure range of 25-80 mbar, but only at power values larger than 150 W.  Also, Figure 5 allows the determining the sizes for which the discharge simultaneously coexists in more than 

one grove. For example, the point characterized by a pressure 120 mbar and pressure 50 W       is situated inside the domains corresponding to d=0.9, 1.0, 1.7, 2.0 mm. It means that the discharge generated at these parameters penetrates in all these gaps (see Figure 4).                    At these parameters values plasma does not penetrate inside the gaps of 0.8 and 0.7 mm        (the point determined by these parameter values is outside of the existence domains corresponding to those sizes).


The results of similar experiments performed with nitrogen discharges are presented in Figure 6. The results in Figure 6 show that inside gap operation in nitrogen is more restrictive than in argon: no discharge in gaps narrow than 0.9 mm, and the pressure window is in the zone 1-14 mbar 

3.2 Complementary studies


In addition to these studies, electrodes from other materials, like iron were used, but not noticeable differences were obtained compared to the aluminum electrodes. Also, spectral emission studies showed that spectra appearance modify with the pressure and power in a complex manner, which probably could be explained by complicated excitation processes.

4. Conclusions
A demonstrative experiment showed first the feasibility of plasma generation inside gaps. A dedicated set-up was built-up consisting of a vacuum chamber, with glass front-end window, and provided with pumping, gas feeding and pressure monitoring systems.     Discharge experiments were performed, with aluminum plane electrodes separated by 60 mm distance, in which groves with various sizes (from 0.5 to 8 mm) were machined. The conducted experiments, realized by optical imaging in argon and nitrogen, have led to defining                 of operation domains, in pressure - power coordinates, for which discharge penetration and maintaining in grooves is possible for these gases. Plasma column contact areas with the castellated electrode of 10 cm2 were obtained, simultaneously with discharge maintaining in gaps of 0.8 mm width. The heating effects were estimated: cooling will be necessary for long time discharge running with power values higher than 150 W. Optical emission spectroscopy experiments showed a complicated dependence of spectra upon the discharge conditions.

Future work 

The future work will be devoted to a detailed analysis of generation and maintaining of discharge in gaps. A new set-up allowing electrode cooling and electrode motion will be designed and experimented. This set-up will allow the assessment against discharge failures (arcing, filamentation, localization of discharge on points, stability) during electrode movement. In addition the investigation of the degree of heating and electrode sputtering is foreseen. 

5. Collaborative actions

None

Figure 6. Domains for inside gap plasma existence in nitrogen (left graph is for large grooves widths, right graph for large gap widths)
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Development of an Inside-Gap Generator for wall cleaning applications
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Figure 5. Domains defining the sets of parameters for which the argon discharge penetrates inside narrow groves, with widths d=0.6 to 2 mm
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Figure 4.  Image of discharge penetration inside grooves having different widths





Views of the grounded electrode, made from aluminum, provided with grooves of various widths)


  -upper image: large width grooves (from 2 to 8 mm )


  -lower image: narrow grooves (from 0,6 to 2 mm)





     View of the RF electrode, shaped as disk, 


	-inner part from aluminum, 


	-outer part (white color) from teflon





Figure 3. Details of the geometry of electrodes





Figure 2. The schematic view of the experimental set-up
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Figure 1. The image illustrates the penetration of discharge in a piece having an array of holes of 4 mm diameter 
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